The role of thin-film interfaces in the near-ultraviolet absorption and pulsed-laser-induced damage was studied for ion-beam-sputtered coatings comprised of HfO 2 and SiO 2 thin-film pairs. To separate contributions from the bulk of the film and from interfacial areas, absorption and damage threshold were measured for a one-wave (355-nm)-thick HfO 2 single-layer film and for a film containing seven narrow HfO 2 layers separated by SiO 2 layers. The seven-layer film was designed to have a total optical thickness of HfO 2 layers equal to one wave at 355 nm and an E-field peak and average intensity similar to a single-layer HfO 2 film. Absorption in both types of films was measured using laser calorimetry and photothermal heterodyne imaging. The results showed a small contribution to total absorption from thinfilm interfaces, as compared to HfO 2 film material. The relevance of obtained absorption data to coating near-ultraviolet, nanosecond-pulse laser damage was verified by measuring the damage threshold and characterizing damage morphology. The results of this study revealed a higher damage resistance in the seven-layer coating as compared to the single-layer HfO 2 film, in agreement with data recently reported for similarly designed electron-beam-deposited coatings. The results are explained through the similarity of interfacial film structure and structure formed during the co-deposition of HfO 2 and SiO 2 materials.
INTRODUCTION
It has been well established that nanosecond (ns)-pulse laser damage of multilayer coatings comprised of HfO 2 /SiO 2 pairs in the near-ultraviolet (near-UV) spectral range is initiated in the high-index HfO 2 component of the coating. Still, very limited information about optical and structural properties of interfacial areas between layers renders interfaces as a probable source of enhanced absorption and damage. 1 The reduced E-field design 2 improves damage threshold but does not clarify the role of interfaces in laser damage. A recent study 3 comparing absorption and damage behavior of e-beamdeposited, single-layer HfO 2 films and coatings containing numerous HfO 2 /SiO 2 interfaces showed that interfacial areas are characterized by low (compared to pure HfO 2 ) absorption and higher nanosecond damage resistance at 351-nm wavelength. It was suggested that interfaces have a structure similar to one formed during the co-deposition of HfO 2 and SiO 2 materials, which was found 4 to have a band gap larger than HfO 2 and a higher damage resistance to pulsed-laser radiation. The goal of this work has been to verify if the findings reported in Ref. 3 are valid when a different technique (ion-beam sputtering) is used to deposit the HfO 2 /SiO 2 coating. This technique produces more-homogeneous, dense films with sharp interfaces, in comparison with e-beam-deposited porous films with a pronounced columnar structure. 5 Despite the difference in thin-film structure, we found that in the case of ion-beam-sputtered films, the interfaces also contribute insignificantly to total absorption and are not the main source of damage initiation.
EXPERIMENTAL
The coatings containing HfO 2 and SiO 2 materials were manufactured using reactive ion-beam sputtering, with no assist ion gun, and post-deposition annealing at 300°C for 8 h. The two types of coating samples were manufactured using exactly the same design as in Ref. 2 , which is shown schematically in Fig. 1 . It is important to note here that a comparative laser-damage study imposes a few stringent requirements on the thin-film design and resulting laser intensities inside the films. The thin-film structure should not change with increasing HfO 2 layer thickness; the total integrated HfO 2 layer thickness should be the same for single-layer and seven-layer films, and E-field intensities inside both types of film samples must be comparable (preferably very close in value). To fulfill these requirements, HfO 2 single-layer films and HfO 2 /SiO 2 multilayer films were manufactured with a total HfO 2 material optical thickness equal to one wave at 355 nm (see Fig. 2 ). The multilayer film was comprised of seven HfO 2 layers, each 25 nm thick, separated by 17-nm-thick SiO 2 layers. The thickness of the SiO 2 layers in the multilayer film (seven layers for future reference) was optimized to produce an E-field peak and average intensity as close as possible to the E-field intensity in the single-layer film (see Fig. 3 ). High-resolution transmission electron microscopy (TEM) along with x-ray diffraction (XRD) analysis (depicted in Fig. 4 ) reveal a fully amorphous, highly homogeneous film structure for both the seven-layer and single-layer films. The seven-layer film's interfaces [ Fig. 4 (a)] are sharp, have a roughly estimated width of 2 nm to 4 nm, and indicate no locally increased defect density. The coatings were deposited on fusedsilica substrates with a 500-nm-thick top SiO 2 film layer that served as an insulator from defects introduced into the substrate during the finishing process. The absorption of the samples was characterized using a continuous-wave, 355-nm laser along with the following two methods: laser calorimetry (LC) and photothermal heterodyne imaging (PHI). The LC method detects heat generated through absorption of laser light and conducted by film to the calibrated detector located on the front sample surface. 6, 7 This method delivers absolute absorption values with good accuracy. The PHI method is a pump-probe laser technique based on scattering of the probe light by a tightly focused modulated pump beam. 8, 9 The PHI method has high sensitivity and submicron spatial resolution, but is more suitable for relative measurements because it is very difficult to achieve absolute calibration. Also, since this method is based on modulation of the refractive index of the material, it might be sensitive to the presence of different materials in the multilayer film. For that reason, we will consider LC as the main method of absorption characterization and PHI only as a complementary method.
500-nm
Laser irradiation of samples was conducted mostly in a 1-on-1 regime (single-pulse irradiation of each sample site) using either 351-nm, 1-ns pulses (at LLE's damage testing facility) or 355-nm, 5-ns pulses (at LZH's damage-testing facility).
The 5-ns pulses were also used with 100-Hz frequency for an S-on-1 test-10,000 pulses at a fixed fluence-irradiation regime. In addition, in order to probe changes in the interfacial structure as compared to the HfO 2 film structure, single-pulse irradiation with 1053-nm, 600-fs pulses was conducted for both types of samples in vacuum (to avoid the self-focusing effects in air). Damage was detected using 110×-magnification, dark-field microscopy or 150×-magnification Nomarsky microscopy. Laser-damage morphology was further investigated using atomic force microscopy (AFM) and scanning laser microscopy (SLM) as high-resolution tools. The-high-spatial resolution study of damage morphology was essential to separate the contribution to damage from film defects and defects residing in a subsurface layer of the substrate and interfacing isolating SiO 2 film. These defects gave rise to large ~10-μm craters, which, after high-resolution mapping, were excluded from damage statistics.
RESULTS AND DISCUSSION

Absorption measurements
Absorption measurement data usually provide good guidance for anticipated nanosecond-pulse damage performance. For this study, the total contribution to near-UV absorption in the seven-layer film can come from two sources: structural defects in HfO 2 layers of the film and defects residing within the interfacial structure (absorption inside SiO 2 layers is negligibly small).
Considering additivity, total absorption total Consequently, since the total thickness of seven hafnia layers is equal to the thickness of the single-layer film, a largeenough contribution from interfaces should result in a larger total absorption for the seven-layer film as compared to the single-layer film. Absorption measurement results are summarized in Table 1 . LC measurement results show, within an error margin, nearly equal absorption in both seven-layer and single-layer film samples. This result points to an insignificant contribution to absorption from interfaces.
The PHI method shows even smaller absorption for a seven-layer film containing numerous interfaces that might be partially attributed (as discussed in Sec. 2) to different conditions for signal formation (not just absorption) in singlelayer and seven-layer films. Still, a 50% difference indicates a small contribution from interfaces.
Damage thresholds
The transparent nature of coatings involved in this study required the careful separation of damage originating from film volume (seven layer or single layer) and from substrate subsurface defects introduced during the substrate finishing process. The presence of an isolating 500-nm-thick SiO 2 layer (see Fig. 1 ) leads to much deeper and larger damage craters initiated by substrate defects, as compared to craters formed by absorption inside HfO 2 layers. AFM mapping clearly reveals this difference (see Fig. 5 ) and allows one to exclude craters initiated by substrate defects from damage statistics. To find the 351-nm, 1-ns damage threshold, ten sample sites were irradiated with a different laser fluence and subsequent AFM mapping enabled us to acquire the damage crater statistics depicted in Fig. 6 . The thresholds were obtained by linear fitting and extrapolation of the trend line to the number of craters equal to zero. In the case of 355-nm, 5-ns pulse irradiation, damage morphology was analyzed using 150×-magnification optical microscopy and, for crater profiling, SLM (see Fig. 7 ). Similar to AFM mapping, SLM analysis made it possible to separate the damage originating within the film volume from the substrate-defect-driven damage. Damage thresholds were obtained from the damage probability curves shown in Fig. 8 . The threshold measurement results are summarized in Table 2 . These results, obtained at two different facilities (LLE and LZH) and using two different laser pulse lengths, demonstrate higher nanosecond-pulse damage resistance for coatings containing numerous HfO 2 /SiO 2 interfaces as compared to single-layer HfO 2 film. Note that E-field peak intensity in seven-layer film is slightly (~7%) higher than in single-layer film, which means that the threshold ratio normalized by internal intensity would be even higher. This fact leads to the conclusion that HfO 2 /SiO 2 interfaces are not a source of enhanced near-UV localized absorption and laser damage. This conclusion supports similar findings 3 
E-field intensity distribution and damage morphology
A correlation between E-field intensity inside a coating and damage initiation is well established. One example is damage originating in nodular coating defects where a large E-field may be generated. 10 To test the presence of such a link in this study, crater depth distributions obtained at ~70% above threshold conditions using SLM (see Fig. 9 ) were compared to the E-field intensity distributions depicted in Fig. 3 . One can see that crater depth distributions show no correlation with E-field peak positions, and this observation does not change even when depth bin size used to calculate distribution is varied. There are several reasons why a correlation was not observed. First, intensity variation from minimum to maximum value was not high for both types of film; the normalized intensity (|E| 2 ) varied from 40% to 70% and from 34% to 65% in seven-layer and single-layer films, respectively. For comparison, in standard quarter-wave stacks, |E| 2 might vary from 0% to 100% (Ref. 11). Second, crater depth depends not only on the location of the localized absorber but also on the amount of energy locally deposited, 12 which leads to a spread in the crater depth values. 
Femtosecond damage behavior as a sensitive tool for the detection of structural changes and its application to HfO 2 /SiO 2 interfaces
The key to understanding the role of interfaces in pulsed laser damage is a knowledge of how electronic structure changes during spatial transition from HfO 2 to SiO 2 and vice versa. An important parameter here is a band gap E g as well as the characteristics (location in a gap, densities, and absorption coefficients) of the electronic defect states 13,14 (see Fig. 10 ) facilitating absorption and damage. In the absence of structural data for interfaces, an alternative empirical approach is to study the interaction of subpicosecond laser pulses with optical materials-in this particular case, with film containing numerous HfO 2 /SiO 2 interfaces and single-layer HfO 2 film. Femtosecond-pulse laser damage in dielectrics typically starts with the multiphoton ionization (MPI) process, which is very sensitive to band-gap and defect-state characteristics. 15, 16 The sensitivity is linked to a possible change in the number of absorbed photons required to promote an electron into the conduction band, which leads to a dramatic (orders of magnitude) change in the multiphoton absorption coefficient. 17 Since the same defect states might participate in multiphoton absorption of infrared light and single-photon absorption of UV light (see Fig. 10 ), a femtosecond damage study may indicate whether an interfacial structure is more or less damage resistant than a HfO 2 structure in the case of UV light and nanosecond pulses. In this study, the existence of such correlation was tested by 1053-nm, 600-fs pulse irradiation (1-on-1 test) of single-layer and seven-layer samples. The damage thresholds normalized by internal E-field intensity [(average intensity was used for normalization due to slow changes across the film (see Fig. 11 )] showed a ratio of seven-layer single-layer 1. This result points to a low contribution of interfaces to the MPI process and correlates well with higher near-UV, nanosecond-pulse damage resistance of the interfacial structure as compared to HfO 2 , in agreement with the 351-/ 355-nm threshold measurements presented in Sec 3.2. This result also strongly supports the possibility that initial absorption-single photon for nanosecond pulses and multiphoton for femtosecond pulses-is initiated by the same structural defects. A similar correlation of near-UV, nanosecond-pulse and IR, femtosecond-pulse damage performance was obtained in the previous interface study for e-beam-deposited coatings. 
Multiple-pulse irradiation
From a practical point of view, it is of interest to know how interfaces respond to multiple-pulse, fixed fluence irradiation. The typical behavior of coatings is characterized by the fatigue effect manifested by a lower threshold and increased scale of damage. 18 For this purpose, S-on-1, 10,000-pulse (355-nm, 5-ns) irradiation at a fixed laser fluence and 100-Hz repetition rate was performed for seven-layer and single-layer films. The density of produced damage sites (craters) was calculated and compared with damage-site density produced using single-shot irradiation at slightly above single-shot threshold fluence. The fatigue effect was observed for both types of film but with a less-pronounced effect for the film with numerous interfaces. The seven-layer film showed a seven-fold increase in damage-site density compared to 12-fold increase for a single-layer film. This result points to an interfacial structure as being less susceptible to absorbing defect formation under near-UV light irradiation, as compared to the pure-HfO 2 material.
CONCLUSIONS
The role of ion-beam-sputtered HfO 2 /SiO 2 film interfaces in the near-UV absorption and nanosecond-pulse damage was investigated by comparing the damage performance of film with numerous interfaces (seven HfO 2 layers) and monolayer HfO 2 film. The films were characterized by equal total HfO 2 material thickness, comparable E-field intensity, and fully amorphous material structure.
The study revealed low contribution of interfaces to near-UV absorption and higher nanosecond-pulse damage thresholds for film with numerous interfaces as compared to a single-layer HfO 2 film. These results render HfO 2 /SiO 2 interfaces as a structure with higher laser-damage resistance than a structure of pure HfO 2 film.
The similarity of an interfacial HfO 2 /SiO 2 structure to a structure formed during co-deposition of HfO 2 and SiO 2 materials, which are documented to have higher pulsed-laser-damage resistance as compared to pure HfO 2 film material, may offer a possible explanation for these findings. A correlation found between near-UV, nanosecond-pulse and 1053-nm, 600-fs pulse damage of HfO 2 coatings used for this study allows one to suggest that the initial absorption (single photon for nanosecond pulses and multiphoton for femtosecond pulses) involves the same electronic defect states. The relevance of these results to other high-/low-index film material pairs requires additional studies.
